In April-May, 2001, the previously reported experiment to synthesize element 118 using the 208 Pb( 86 Kr,n) 293 118 reaction was repeated. No events corresponding to the synthesis of element 118 were observed with a total beam dose of 2.6 x 10 18 ions. The simple upper limit cross sections (1 event) were 0.9 and 0.6 pb for evaporation residue magnetic rigidities of 2.00 T m and 2.12 T m, respectively. A more detailed cross section calculation, accounting for an assumed narrow excitation function, the energy loss of the beam in traversing the target and the uncertainty in the magnetic rigidity of the Z=118 recoils is also presented. Re-analysis of the primary data files from the 1999 experiment showed the reported element 118 events are not in the original data. The current results put constraints on the production cross section for synthesis of very heavy nuclei in cold fusion reactions.
I. INTRODUCTION
In 1999, the synthesis of element 118 (and its decay products) using the 208 Pb( 86 Kr,n) reaction was reported [1] . This claim was based on the apparent occurrence of three decay chains, each consisting of an implanted heavy atom and six subsequent alpha decays, correlated in time and position. A fourth event involving a number of "escape" alpha particles (depositing only part of their energy in the detector) was reported also [2, 3] . Based upon the above three chains, and a revised estimate of the beam dose in the 1999 experiments, a cross section of 7 +9 −3 pb was deduced for the synthesis of element 118 at a projectile energy (center of target, lab system) of 449 MeV. A new calibration of the magnetic rigidities (Bρ) of the Berkeley Gas-Filled Separator (BGS) indicates that the reported element 118 compound nucleus evaporation residues (EVRs) recoiling from the target would have had a Bρ of 2.00-T m in the 130 Pa He gas of the separator. Attempts to reproduce this result by other groups [4, 5, 6] were unsuccessful.
Subsequently, the claim to synthesis of element 118 using the 208 Pb( 86 Kr,n) reaction has been retracted [7] . That retraction was based upon the absence of the reported [1, 2, 3] chains in a re-analysis of the binary data on the original 1999 data tapes. An investigation into this matter has concluded that there was scientific misconduct and data fabrication by one individual [8] . GSI has also reported similar spurious data [9] . Despite the retraction of this claim, the current work is important in establishing definitive upper limits on the production of element 118 in the 208 Pb( 86 Kr,n) reaction. Motivated in part by the erroneous report [1] , there have been a number of papers [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22] predicting the structure and decay properties of element 118 and its daughters. Should element 118 be synthesized, it will be interesting to compare these predictions with the observations. In a similar vein, there have been a number of papers [23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34, 35, 36, 37] dealing with the synthesis of element 118 and the reported production cross section, which was unexpectedly large. Special mention should be made of the work of Smolańczuk [23, 30] which prompted the experimental measurement [1] . Smolańczuk originally estimated [23] a production cross section of 670 pb for the 208 Pb( 86 Kr,n) reaction, an estimate that was later revised [30] to 5.9 pb. Other predictions [32, 33, 34] for the evaporation residue production cross section for the reaction of 449 MeV 86 Kr with 208 Pb range from 0.005 to 2 pb. These predicted cross sections are generally larger than expected from a simple logarithmic extrapolation of the trend of cross sections for reactions of the type 208 Pb(X,n) [4] ( fig. 1 ). Similar predictions of a non-exponential decrease in cold fusion cross sections for reactions leading to elements 116 and lighter elements have been made [27] . The physical effect behind this trend was pointed out by Myers and Swiatecki [25, 28] as due to a sinking of the Coulomb barrier below the bombarding energy for symmetric target-projectile combinations, thus "unshielding" the saddle point. As pointed out by SiwekWilczynska and Wilczynski [31] , the system in these cases must still evolve from the dinuclear composite system into the compound nucleus. Thus, even the establishment of upper limits for the 208 Pb( 86 Kr,n) cross section may contribute to our understanding of the large scale collective motion in very heavy nuclei.
Besides the work reported herein, three recent attempts to reproduce the observations of [1] have been reported [4, 5, 6] . We summarize these attempts in table 1 in terms of the beam energy used, the particle dose and the observed upper limit cross section. All upper limit cross sections are reported as "one event upper limits", i.e., the cross section that would have been reported had one event been observed with the given particle dose, target thickness, separator efficiency, etc. In the case of the data in [5] , a separator efficiency of 50% [38] was used to calculate the cross section. All excitation energies were calculated from [26] .
II. 2001 EXPERIMENTAL SETUP

The reaction
208 Pb( 86 Kr,n) was studied at the 88-Inch Cyclotron of the Lawrence Berkeley National Laboratory, using the Berkeley Gas-filled Separator [39] . The experimental apparatus was a modified, improved version of the apparatus used in [1] , including improved detectors and data acquisition systems, continuous monitoring of the separator gas purity, and a better monitoring of the . Nine of the arc-shaped targets were mounted on a 35-cm wheel that was rotated at 300 rpm. The beam energy in the target was 453 -445 MeV [40] , encompassing the in-target energies used in [1] . The beam intensity was monitored by two silicon p-i-n detectors (mounted at ± 27 degrees with respect to the incident beam) that detected elastically scattered beam particles from the target. Attenuating screens were installed in front of these detectors to reduce the number of particles reaching them (and any subsequent radiation damage to the detector). These detectors, the 208 Pb targets and the separator entrance window were replaced periodically during the run which lasted three weeks.
The EVRs (E∼131 MeV) were separated spatially in flight from beam particles and transfer reaction products by their differing magnetic rigidities in the gas-filled separator. The separator was filled with helium gas at a pressure of 130 Pa. The expected magnetic rigidities of 131-MeV 293 118 EVRs were estimated using the data of Ghiorso et al. [39] . These estimates were 2.00 T m from extrapolation of the data in their Fig. 3 , and 2.10 T m from their semiempirical formula for EVR charge. In the current experiments, two settings of the magnetic fields of the separator were used, 2.00 T m and 2.12 T m. These settings differ by 6%, the width in magnetic rigidity of the focal plane detector. The efficiency of the separator for transport and implantation of Z=118 EVRs was estimated to be ∼79 % using a Monte Carlo simulation described below.
The detector setup at the focal plane of the separator consisted of a parallel plate avalanche counter (PPAC) [42] placed ∼29 cm upstream of a Si strip detector. The 10 cm x 10 cm PPAC registered time, energy loss, and x,y position of the particles passing through it. It has a thickness equivalent to ∼0.6 mg/cm 2 of carbon. The time-of-flight of the EVRs between the PPAC and the Si-strip detector was also recorded. The PPAC was used to distinguish between events arising from beam-related particles being implanted into the Si-strip detector, and those arising from the decay of previously implanted atoms. During these experiments, the PPAC efficiency for detecting beam-related particles depositing between 8 and 14 MeV in the Si-strip detectror was 97.5-99.5%.
The 300 µm thick passivated ion implanted silicon strip detector had 32 vertical strips and an active area of 116 mm x 58 mm. The strips were position sensitive in the vertical (58 mm) direction. The sources used for position and energy calibrations are summarized in 206 Pb study had a Gaussian distribution with a FWHM of 0.52 mm (σ = 0.22 mm). The measured position resolution for full energy alpha particles correlated to "escape" alpha particles (which deposited only 0.5 -3.0 MeV in the detector) was ∼1.2 mm (FWHM). A second silicon strip "punch-through" detector was installed behind this detector to reject particles passing through the primary detector. A "top" and a "bottom" detector were installed upstream of the focal plane detector to detect escaping alpha particles and fission fragments. The focal plane detector combined with these "top" and "bottom" detectors had an estimated efficiency of 75 % for the detection of full energy 11 MeV α-particles following implantation of a 293 118 nucleus. Any event with E >0.5 MeV in the focal plane Si-strip detector triggered the data acquisition. Data were recorded in list mode, and included the time of the trigger, the position and energy signals from the PPAC and the Si-strip detectors, and energy signals from the "top", "bottom" and "punch-through" detectors. With the use of buffering ADCs and scalers, the minimum time between successive events was 15 µs.
The energies of the 293 118 EVRs, after passing through the PPAC, were estimated to be ∼73 MeV by extrapolation of heavy ion stopping powers, calculated with SRIM2000 [40] . The 293 118 implantation pulse height in the Si-strip detector was estimated to be 24-48 MeV after applying the pulse-height defect determined for Rn EVRs from the 365-MeV 86 Kr + 120 Sn reaction. With a beam current of 1.3 x 10 12 86 Kr ions striking the target, the average total counting rates (E >0.5 MeV) in the focal plane detector were ∼40/s and ∼10/s at Bρ settings of 2.00 and 2.12 T m, respectively. The average rate of "alpha particles" (8-14 MeV with no PPAC signal) was ∼0.2/s.
III. RESULTS
At separator magnet settings corresponding to EVR magnetic rigidities of 2.00 and 2.12 T m, the projectile doses were 1.1 x 10 18 and 1.5 x 10 18 , respectively. No event chains similar to those reported in [1] or as predicted [10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21] for the decay of 293 118 were observed. Two independent searches were performed for superheavy element decay sequences. In the first, a search routine in the GOOSY [43] environment was used to search for events similar to those reported in [1] , i.e., a search was made for events in which two alpha particle decays were detected in the focal plane detector within 30 ms and with positions differing by <1.5 mm. The energies of the alpha particles had to be greater than 10 MeV and they had to be unrelated to beam events (no PPAC signal). No such α − α correlations were found.
A second, less restrictive search was made for EVRs (>20 MeV with a PPAC signal) followed by alpha decays (8-14 MeV in the focal plane Si-strip detector, no PPAC signal) correlated in position (±2mm, same strip) and time (within 10 sec). For this search, one detector strip on the low-Bρ edge of the detector and three strips on the high-Bρ edge of the detector were excluded because they detected relatively high rates of scattered beam particles with trajectories bypassing the PPAC. Two potential EVR-α-α chains were identified. Based on the singles rates for alpha-like events and EVRs, the expected number of random EVR-α-α chains is ∼4. Both of the observed EVR-α-α chains had large differences in the vertical positions for the parent and daughter alpha particles, |∆p|≥ 0.78mm =3.5σ. Thus, we conclude that there are no valid EVR-α-α correlations in the data set from this experiment.
One must also consider the possibility that SHEs decay by spontaneous fission (SF). Spontaneous fission events in which one fragment was detected in the focal plane detector (E >90 MeV, no PPAC signal) can be confused with scattered 86 Kr beam particles not vetoed by the PPAC signal. Therefore, we excluded, from the analysis, three strips on the low-Bρ edge of the detector and four strips on the high-Bρ edge of the detector to discriminate against these scattered beam particles. We observed no single fission fragment signals during the run using these gating conditions, i.e., no EVR-SF events.
There were no correlation chains containing at least EVR-α-α or EVR-SF with additional full-energy alpha particles (8-14 MeV with no PPAC signal) or escape alpha particles (with energy deposited in the focal plane detector >0.5 MeV and no PPAC signal).
The implantation depth in the Si-strip detector for the 293 118 recoils (E ∼73 MeV after passing through the PPAC) was extrapolated from heavy ion ranges calculated with SRIM2000 [40] , and is estimated to be 7 µm. From this depth, the efficiency for detecting full energy for isotropically emitted 8-14 MeV alpha particles is 55%. The expected decay sequence [22, 1] following implantation of a 293 118 EVR consists of 6 α-particles emitted sequentially within the first 10 seconds after implantation. Using the 55% α-particle efficiency, ε, together with a binomial series for the probability P, of observing at least n members of an N-member chain,
the probability for detecting at least two full-energy α-particles from a sequence of six is 93%. Such a binomial treatment can be used to calculate the efficiency for detection of other postulated decay chains. Assuming a 100% event chain detection efficency results in "one event" upper limit cross sections of 0.9 pb and 0.6 pb for Bρ settings of 2.00 and 2.12 T m, respectively. These cross section limits assume detection of one event, whereas none were observed, and a constant production cross section throughout the target thickness.
IV. DISCUSSION
A. Cross Section Calculation
The standard cross section calculation assumes a constant cross section, σ const , for all beam energies within the target. The number of events observed, n obs , is given by
where φt is the integrated beam current, N t is the areal density of target atoms, and ε is the experimental efficiency. This formalism was used in [4] [5] [6] for the cross section limits quoted in those works and used above in Table I and related discussion. However, in the case of the 208 Pb( 86 Kr,n) 293 118 reaction, the excitation function is expected to be narrow and the energy loss of the beam in traversing the target material is relatively large (∆E ∼ 8 MeV) [40] , so the assumption of a constant cross section for all beam energies within the target does not hold. For the purpose of an improved determination of cross section limits in this experiment, a Gaussian excitation function, σ(E), with a full-width at half-maximum (FWHM) of 5 MeV in the lab frame has been assumed:
where σ c is the cross section at c, the centroid energy, E is the beam energy at the corresponding target depth, and s is the standard deviation of the Gaussian (s = 2.12 MeV for a 5-MeV FWHM). This results in the differential equation
where the separator efficiency, ε(E), depends on the beam energy (depth in target). Since the areal number density of target atoms and the dE/dx of the beam are nearly constant throughout the target, the areal number density of target atoms within a differential target thickness element,
∂E , is constant and equal to N t /∆E, where ∆E is 8.0 MeV for the 86 Kr beam in the 208 Pb targets. Integrating over the energy range in the target, and solving for σ c results in
where E i and E f are the beam energies at the upstream and downstream limits of the target. For our experiment, assuming the centroid of the excitation function corresponds to the center of the target and that the efficiency is constant throughout the target, σ c / σ const = 1.6, and thus the cross section limits presented below are larger than those calculated in the traditional way by this factor.
B. BGS Efficiency Simulation
The efficiency of the BGS is limited by the initial position, energy and angular distributions of recoils exiting the target, and by transmission of these recoils through the BGS under the influence of the magnetic fields, and energy loss, multiple scattering and charge exchange in the He fill gas. All of these effects, together with the effects of the estimated angular and energy distributions of the 86 Kr beam entering the BGS were calculated with a Monte Carlo simulation. In this simulation, the initial 86 Kr beam energies and directions were chosen from an assumed Gaussian energy distribution (with a centroid of 457 MeV -chosen to put c at the center of the target, and a 0.3% FWHM -a typical beam energy width from the 88-Inch Cyclotron) and Gaussian angular (FWHM=0.9
o -typical for the beamline leading to the BGS) distributions. The beam energy was corrected for energy loss in the carbon entrance window and target backings. Points were randomly chosen from the assumed Gaussian excitation function (c=449 MeV, s=2.12 MeV), and if they were within the energy range subtended by the target (thickness=0.47 mg/cm 2 , dE/dx=17 MeV/(mg/cm 2 )), the depth of interaction in the target was calculated, and a simulation of the trajectory of an EVR was initiated. The initial energy and angle of the EVR were corrected for the effect of isotropic evaporation of a single neutron. Energy loss and angular scattering in the remaining target material was calculated for each EVR using SRIM2000 [40] . After exiting the target, the trajectories through the BGS were simulated, including the effects of the magnetic fields, charge exchange in the gas, scattering in the gas, and energy loss in the gas. By comparing the number of EVRs reaching the focal plane detector in the simulation with the initial number of 86 Kr beam particles, the effects of the fraction of the excitation function contained in the target and the BGS efficiency as a function of target depth were accounted for. The "average" separator transport efficiency for the EVRs produced in this reaction was calculated to be 79%.
C. Improved 293 118 Cross Section Upper Limits
Since neither the centroid of the element 118 excitation function nor the magnetic rigidity of the Z = 118 EVRs are known, numerical simulations of the BGS efficiency were run using several different choices for the excitation function centroid energy and average EVR magnetic rigidity. These simulations gave a set of experimental sensitivities as a function of the assumed excitation function centroid, and of the assumed magnetic rigidity. The results from two bombardments, the first with 1.1 x 10 18 86 Kr ions at a BGS magnetic rigidity (Bρ ) of 2.00 T m and the second with 1.5 x 10
18 Kr ions and Bρ = 2.12 T m were combined. The one-event cross section limits (assuming observation of one element 118 chain where zero events were observed) as a function of assumed σ c and Bρ are presented in Fig. 2 . The cross section limits reached were as low as 1.1 pb, and a limit of less than 4.5 pb was reached for compound nucleus excitation energies from 10.0-16.8 MeV (444.5 <E lab (MeV) <454.0), covering magnetic rigidities for the recoiling products from 1.94-2.18 T m.
V. SUMMARY
Several experiments have led to one-event cross section upper limits near 0.6 pb for the 449-MeV 208 Pb( 86 Kr,n) 293 118 reaction (table 1). In fig. 1 , we compare this 0.6 pb limit with various theoretical predictions [27, 30, 33, 34] Pb. This decrease may counteract any fusion enhancement due to a lowering of the Coulomb barrier relative to the energy of the fused system in the latter reaction. Observation of the production of element 118 in the 208 Pb( 86 Kr,n) reaction will require sensitivity to cross sections smaller than ∼ 0.2 pb.
VI. ACKNOWLEGMENTS
We gratefully acknowledge the operations staff of the 88-Inch Cyclotron and its ion source person D. Wutte for providing intense, steady beams of 86 Kr. We thank L.W. Phair for his help in the re-analysis of the 1999 data. We thank Patrick Gamman and Helmut Folger for providing the carbon entrance windows, and the lead targets. 
